INTRODUCTION
The first'two papers in this series'** describe the experimental determination and the resolution of the heat capacities of La2S3, ' Ce, S, , ' Nd2S3, ' Gd, S, , ' Pr2S3, * Tb2S3, * and Dy, S, (Ref. 2) all of which are isostructural, y-phase members of the lanthanide sesquisulfide system. Most of these lanthanide (Ln, S, ) compounds exhibit-in addition to their lattice heat-capacity contribution-excess contributions as a result of the electrons in the 4f" shell of the lanthanide ion.3" The study of these phenomena by calorimetric, spectroscopic, and magnetic techniques-as previously notedI,*-has led to the resolution of their energetic spectra. The electronic configuration of the 4forbitals and the crystal-field splitting of these orbitals, which causes the removal of some degeneracies, gives rise to Schottky contributions to the heat capacities. Analysis of the crystal-field splittings, the infrared and Raman spectra, and the magnetic susceptibilities of these compounds are consistent with the resolution of the observed heat capacities.
Cryogenic heat-capacity measurements provide an important technique for the study of the Schottky and magnetic contributions of these materials. Resolving these excess contributions from the typically larger lattice contribution *) Current address: Department of Chemistry, University of Illinois at Chicago, Chicago, Illinois 60680.
by the volumetric scheme' for estimation of lattice heat capacity was found to be useful-as it was for the bixbyite sesquioxides. ' The main task in the analysis of the heat-capacity values in this system is the resolution of the electronic heat capacity. As illustrated in the previous papers in this seriesrV2 in solid lanthanide compounds the electronic heat capacity takes the form of a Schottky contribution which is the heat capacity of a system with a finite number of energy levels. The lowest level is defined as the zero energy of the system. Each level i has a degeneracy gj and an energy Ej above the ground level. The heat capacity of this system is C, ( TJW = -$$-[i$2giEfe-E'kT n-l n +iz2j ~+l~(Ej-Ei)2e-"+E'kT I , capacity function reduces rigorously to an Einstein heat-capacity function. For the special case in which a large energy gap exists between a subset of lower energy levels and any higher energy level the heat capacity, due to thermal excitation in the lower levels, will be unaffected by the higher levels and exhibit Schottky-type morphology. The lanthanide compounds are an example of such a system. In the Ln, S, system the typical energy spacing in the lower set of electronic energy levels is about 100 to 400 cm-'. The origin of this low-energy spacing is the removal of the degeneracy of 4f orbitals by the crystalline electric field. ments in a manner similar to that described earlier. ' The samarium metal used was prepared in the Ames Laboratory and has the chemical analysis typical of the highly purified materials produced in that laboratory." Sublimed sulfur (99.999%) was obtained from ASARCO."
The Schottky contributions observed in this system are broad and may cover the entire experimental temperature range. Phenomena of such breadth pose a difficulty in their resolution because there is but little direct experimental information about the lattice contributions. Excess contributions can often be analyzed by graphical means since the lattice contribution, outside the affected temperature range, is known. When broad contributions are present, the lattice heat capacity must be evaluated independently-as is necessary in the analysis of the heat-capacity data in the present system. The volume-weighted lattice approximation has been used previously with success for several other groups of lanthanide compounds,7-14 as well as for some of the sesquisulfides. Its application to the lanthanide sesquisullldes was presented in the first two papers of this series.'** The use of the volume-weighted lattice-approximation technique is, however, presumed to be most appropriate where the relevant compounds are isostructural or is one where the ions have at least the same coordination numbers.
In the preparation of Sm, S, , stoichiometric quantities of samarium and sulfur were sealed in a quartz ampoule. The sealed ampoule was then heated slowly to 575 "C, and held for two weeks at this temperature by which time all sulfur had reacted. The ampoule was then heated slowly to 1000 'C, held there for three days, cooled to room temperature, and opened. The sulfide was ground and sieved to 200 mesh powder. The powder was cold pressed into pellets 4 mm thick by 15 mm diameter. The pressed pellets were heated to 1350 "C under a dynamic H, S atmosphere for 9 h. A small random portion was removed for x-ray and chemical analysis.
Debye-Scherrer x-ray patterns contained only lines of the y-phase structure. The lattice parameter cl0 is determined in this study to be (8.4383 k 0.0001) A while the literature value*' is 8.448 A. The final S to Sm ratio determined by chemical analysis is 1.499 f 0.003.
Automated adiabatic calorimetry
The Komada/Westrum phonon distribution mode11s-'8 provides the means to overcome the limitations of the volumetric method. The model calculates a lattice heat capacity based upon structural and physical properties. Moreover, similarities between compounds may be utilized to interpolate between reference compounds. Thus the method allows-by means of three related computer programs called "LEM" programs-evaluation of the lattice contribution of compounds in an isostructural series based upon known lattice heat capacities of related-isostructural compounds.
This paper also reports on the measurements and interpretation of the thermophysical properties of yet anotherthe last accessible-member of the y-phase lanthanide sesquisulfide subset, Sm, S, . Two other members of this subset-not available for measurement-are Pm,S, and Eu, S, . The former is not readily available because of the nuclear instability of promethium, the latter by reasons of the relative instability of the III oxidation state of europium. Their thermophysical properties have been evaluated by applying the Komada/Westrum approximation for the lattice heat capacity and by using lattice-sum calculations to estimate the crystalline electric field splittings.
The data were taken in the Mark X calorimetric cryostat, an improved version** of the Mark II cryostat previously described.23 Data acquisition was computer assisted. Information on the initial, final, and mean temperatures, on the energy input and the resistance of the heater, together with the apparent heat capacity of the system were recorded. A gold-plated, oxygen-free, high-conductivity ( OFHC ) copper calorimeter (laboratory designation W-61 > was employed in the measurement. The calorimeter is especially equipped with two pairs of perforated copper, spring-loaded sleeves, soldered to the heater-thermometer well, to hold the sample pellets. After loading, and soldering the cover in place (with Cerroseal solder-50 mass % of Sn and In) the calorimeter was evacuated and approximately 2 kPa (at about 300 K) helium gas were added to facilitate rapid thermal equilibration. The temperatures were measured with a Leeds h Northrup platinum-encapsulated, platinum-resistance thermometer which was calibrated by the National Bureau of Standards against the IPTS-48 temperature scale. All other quantities were referenced to standards of the National Bureau of Standards.
Optical spectroscopy EXPERIMENT Sample provenance and characterization
The samarium sesquisulflde sample was prepared at the Ames Laboratory by direct combination of the pure eleSamarium sesquisulfide used for the optical spectra experiments was prepared in powder form by the method introduced by Henderson er ~1.~~ Chemical analysis indicated the product was SmS,,,,,,,,.
X-ray powder patterns showed that the material had the Th,P, defect structure representing the high temperature y phase. Single crystals of Sm, S, could not be grown even under conditions of different temperatures and various pressures of sulfur vapor. The melted ingots obtained after heating the powder in pyrolytic graphite crucibles were black and contained many very small crystallites.25 Chemical analyses of the ingots revealed that some of the samarium had been reduced to the divalent state.
To obtain absorption spectra of Sm, S, , mulls were prepared by mixing some of the original powder with an inert transparent ge1.26 The mixture was placed between two quartz slides and inserted into a conduction dewar having a copper block with a vertical slit just large enough to hold the sample. A matrix was added to improve thermal conductivity between the sample and block. A temperature sensor was included in the mull between the quartz plates which gave readings of 20 and 90 K when the Dewar was filled with liquid helium and liquid nitrogen, respectively. Spectra were obtained between 2.5 and 0.30,um using a Cary Model 14R. 6H5,2 3 can be obtained by analyzing the temperature dependent (hot band) spectra. 28 Hot bands represent electronic transitions from the two excited electronic levels of 6H5,2 to electronic levels in the various excited "+ ' The experimental heat-capacity data for Sm, S, are presented in Table I and plotted in Fig. 1 . Thermodynamic functions at selected temperatures are presented in Table II . The behavior of the heat-capacity curve at temperatures that are lower than the experimental lowest temperatures were predicted using the LEM-2 program.15 Excess heat-capacity contributions (such as the Schottky contribution which is significant at higher temperatures) are negligible below 8 K, and consequently were not taken into account for the calculation of the thermodynamic functions below that temperature. The experimental standard deviations in these measurements decrease gradually from about f 4% at 7 K to about & 0.1% at 20 K and remain below that value at higher temperatures.
A crystal-field splitting analysis of some 46 excited crystal-field electronic energy levels of Sm3 + in manifolds including "FJ and "H, multiplets yields an rms deviation of 10 cm -' between calculated and experimental levels.29 Using the set of B,, parameters from that calculation, B,, = 365 cm-', BM = -620cm-', BM =765 cm-', Bw = -22 cm- ',B,(R) =620cm-',andB,(I) =Ocm-',weprediet a splitting for the 6H7,2 manifold which is useful for the purpose of determining the Schottky contribution to the heat capacity of Sm, S, . 3o The predicted splitting is 1085, 1106, 1205, and 1214 cm-*. The observed electronic energy levels of 6H5,2 and the calculated levels for 6H7,2 are given in Table III . These energy levels are used to predict the spectroscopic Schottky contributions appearing in Fig. 5 .
Resolution of the heat capacities of y-phase sesquisulfides
The lattice heat capacity for Sm,S, was found by employing the Komada/Westrum approximation to lattice heat capacity."-'* The Schottky contribution from the electronic energy-level splitting was thus deduced from the observed total heat capacity of the compound by subtracting the calculated lattice contribution.
Analysis of hot bands in the absorption spectra Sm, S, forms a body-centered cubic (Th, P, -phase) lattice which is usually referred to as the y phase. The symmetry group is I ad and contains 16/3 formula units in a unit cell. Vacancies exist in the metal sites and have a disordered arrangement. The cations are in the unusual octocoordinated environment2' of a triangular dodecahedron, which can be regarded as formed by the superposition of two tetrahedra, one of which is flat and the other elongated. The pointgroup symmetry of the cation is S, . This structure is found in all light lanthanide sesquisulfide compounds.
The "+ 'L, ground state of Sm3 + (4.f') is 6H5,2. The crystal field of the lattice splits the state into three electronic energy levels. Each level is doubly degenerate. The first excited "+ 'L, state ( 6H7,2 ) is found near 1100 cm-'. This state is split by the crystal field into four doubly degenerate electronic levels. Higher states such as 6Hg/2, 6Hl ',2, etc., are so much higher in energy that their contribution to the subambient heat capacity is negligible.
The crystal-field splitting of the ground state manifold,
The experimental heat capacities of the y-phase lanthanide sesquisuhides were resolved with the Komada/Westrum phonon distribution model. 15-" Characteristic temperatures, 0,, , 's were calculated on the basis of the experimental heat capacities of La, S, and Gd, S, in which excess heat capacity is not present (with the exception of a resolvable magnetic ordering in Gd,S, at low temperatures) . The Komada/Westrum model uses the temperature, the lattice heat capacity, and the molecular formula as primary input parameters. Other physical parameters, related to the masses and to the volumes of the atoms and to the size and number of atoms in a primitive cell, are also used as input coefficients to the LEM programs.15 Alternatively, these additional coefficients may be supplied by default. The programs use these parameters and the lattice heat capacity to obtain a phonon distribution function which is represented by the single output parameter-&,-the apparent characteristic temperature. The constancy of 0,, with temperature-in marked contrast to that of the corresponding Debye characteristic temperature-indicates that the lattice heat capacity is reproduced by the same phonon density of states function over an extended temperature region. Although the approximated phonon density of states may not be unique it provides a good predictor of the lattice heat capacity beyond the experimental range or between related compounds. Constancy of the characteristic temperatures may be enhanced by slightly modifying the input coefficients to better fit the experimental data.30 Small adjustments of the coefficients were, therefore, used in evaluating the characteristic temperatures for La, S, and Gd, S, , resulting in apparent G,, 's which are nearly constant over the entire temperature region. Default coefficients, supplied by the program, were used when the actual physical parameters were not known. The resultant 0,,'s for these two refer-TABLE II. Thermodynamic properties at selected temperatures for samarium, promethium, and europium sesquisulfides (values for the latter two corn--pnunds are based on the theoretical prediction to their heat capacities). Opt. spectra/mag. suscept. Excess C, (K/W') Pr,S, Opt. spectra/mag. suscept. Pr'+ ('H,) Lattice sum (1) O (2), 76(2), 150(2), 180(2), 385 (2) O (2), 76(2), 150(2), 180(2), 385 (2) 0(1),97(l), 140(1),200(2),237 (2),280(1),346 (1) 'X2), f+% (2), 194 (2) O (2), 84 (2), 194(2) , 1085 (2), 1106 (2), 1205(Z), 1214 (2) O (2), 84 (2), 194(2) , 1188 (2), 1196 (2), 1211 (2), 1214 (2) Q(l), 306 (2) ence compounds are shown in Fig. 2 . The excess contribution due to a magnetic transition in Gd, S, at low temperatures causes a local drop in apparent G,, for Gd, S, at these temperatures; apart from this--G,, is constant over the entire temperature range.
For the evaluation of the lattice heat capacities of other y-phase lanthanide sesquisulfides it was assumed that the input coefficients-and hence G,, -vary smoothly from one sample to the other. Figure 3 illustrates the trend of the LEM input coefficients, as well as that of the 0x, 's, for each member of the subsystem. The sensitivity of the program to small variations in the coefficients and to the correspondence of molar volumes to atomic number is small enough to allow the use of a relationship linear in atomic number for interpolating these coefficients between related compounds without introducing a measurable error. Lattice heat capacities for all y-phase lanthanide sesquisulfides were calculated by means of the LEM-3 computer program. ls Figure 4 shows the lattice heat capacities for these compounds relative to that of La, S, . At low temperatures, mass effects dominate and the heat capacities of heavier cations tend to be larger. At intermediate temperatures, volume effects are dominant and thus the heat capacities of the lighter cations (with larger volumes-occasioned by the lanthanide contraction) are larger. Nearer ambient temperatures, all compounds tend towards the Dulong-Petit limit. Figure 5 shows the calorimetric and spectroscopic Schottky contributions for Ce, S, through Dy,S, . The experimental calorimetric (mainly Schottky ) excess heat-ca- pacity contribution-by the Komada/Westrum method, and by the volumetric priority approach, and the Schottky contribution calculated from the spectral data are compared. The energy levels that were selected for matching the excess heat capacity and the identified spectroscopic values and their degeneracies are listed in Table III be comparable to results that were found for these compounds by means of the volumetric priority approach. "' The fact that the simplified, essentially empirical, volumetric priority lattice heat capacities are in such good agreement with those of the phonon distribution method (essentially a single parameter, enhanced Debye approach) provides reassurance of the reliability of both, under these constraints of application-as has already been argued elsewhere.31 Further substantiation and rationalization for the dependence of entropy and heat capacity upon volume has been provided for another chemical system by Holland.32 Thermodynamic values for europium and promethium sesquisulfides Eu, S, and Pm, S, were not studied experimentally in this research; the synthesis of Eu,S, was unsuccessful because Eu(I1) is chemically more stable than Eu( III) in the sulfide lattice, and the most stable promethium isotope, 145Pm, is radioactive with a half-life of 18 years.
The lattice heat capacities of Eu, S, and Pm, S, interpolated from those of La,& and Gd,S, by using the LEM-2 program, with input coefficients interpolated from Fig. 3 , are included in Fig. 6 . The Schottky contributions for Eu, S, and Pm, S, were evaluated using the lattice-sum approach to obtain the crystal-field splitting of the X+ 'L, multiplets.' As in other y-phase sesquisulfides, the cations in Eu, S, and Pm, S, have S, symmetry. For Eu, S, the ground state level is 'FO. A set of two electronic levels (one doubly degenerate and one singly degenerate), associated with the 'F, manifold, is predicted at about 300 cm -' above the ground state, and a second set, consisting of one doubly degenerate and three nondegenerate levels, associated with the 'F2 manifold, is predicted between 800 and 1000 cm-' above the ground state. The crystal-field splitting of the 'F, and 'F2 manifolds contribute to the calculated subambient Schottky heat capacity of Eu,S,. The ground-state manifold of Pm, S, , '&, was calculated on the basis of the crystal-field splitting obtained using parameters deduced from a latticesum calculation. The selected energy levels for Eu,S, and Pm,& are presented in Table III . The calculated lattice, Schottky, and total heat capacities for these two compounds are presented in Fig. 6 . Thermodynamic functions at selected temperatures are presented in Table II . No magnetic contributions are attributed to the heat capacity of either compound. ACKNOWLEDGMENT A portion of the evaluation, performed at the University of Illinois at Chicago was supported by the Solid State Chemistry program of the National Science Foundation, through Grant No. DMR-88 15798.
